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Abstract

Neuroblastoma (NB) is one of the most common pediatric solid tumors and displays a broad variety of genomic alterations.

Array-based comparative genomic hybridization (A-CGH) is a novel technology enabling the high-resolution detection of DNA

copy number aberrations. In this article, we outline features of this new technology and approaches of data analysis. We focus

on stage specific DNA copy number variations in neuroblastoma detected by cDNA array-based comparative genomic

hybridization (A-CGH). We also discuss hypothetic evolutionary models of neuroblastoma progression that can be derived

from A-CGH data.

Published by Elsevier Ireland Ltd.
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1. Introduction

Neuroblastoma (NB) is a tumor derived from

primitive cells of the sympathetic nervous system and

is one of the most common pediatric solid tumors. The

disease is characterized by diverse clinical behaviors

ranging from spontaneous regression to rapid malig-

nant progression [1]. Many important factors such as

stage, age and ploidy have been identified to be

associated with the biological and clinical
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heterogeneity of NB tumors. This diverse biological

behavior makes NB a paradigm for the investigation

of genomic alterations and associating it with clinical

outcome. In neuroblastoma, genomic alterations have

been investigated by cytogenetic, and molecular

methods including spectral karyotyping and meta-

phase comparative genomic hybridization (M-CGH)

[2–6]. Here, we focus on DNA copy number

alterations in NB detected by the recently developed

cDNA array-based comparative genomic hybridiz-

ation (A-CGH). This review will describe and

illustrate this new technology and its application in

NB, and will discuss novel analysis approaches

currently used in DNA array CGH profiling that

reduces noise and increases sensitivity to detect

genomic alterations at high resolution.
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2. Array-CGH

Comparative genomic hybridization (CGH) was

developed as a molecular cytogenetic technique to

compensate for the difficulties presented by conven-

tional cytogenetics and fluorescence in situ hybridiz-

ation (FISH) analysis; it does not require culturing of

tumor cells in vitro and has substantially increased

genome-wide information on unbalanced chromo-

somal changes [7]. Many novel and non-random

genomic alterations in NB have been detected using

metaphase CGH (M-CGH) analyses [3,8,9], however,

this technique is hampered by a limited resolution of

10–20 Mb. To overcome this, array-based CGH (A-

CGH) on BAC, cDNA or oligonucleotides microarray

has been developed and can detect genomic altera-

tions with higher resolution [10–15] which is

determined by the distribution and spacing of the

clones along the genome. Relative copy number is

measured at these specific loci by hybridization of

fluorescently labeled test and reference DNA as in

conventional M-CGH [11,13]. Since, the clones used

on the array contain sequence tags, their positions are

accurately known relative to the genome sequence,

and genes mapping within regions of copy number

alteration can be readily identified. Arrays comprised

of large insert genomic clones such as BACs provide

reliable copy number measurements on individual

clones, since they generally have a higher signal to

noise ratio. Both small and large DNA arrays have

been made consisting of w2500 BAC clones

represent at an average interval of w1.4 Mb [12] to

large tiling-array of 32,433 overlapping BAC clones

covering the entire genome [16]. The latter increases

the ability of BAC A-CGH to identify genetic

alterations and their boundaries throughout the

genome in much higher resolution. The limitations

of BAC A-CGH, include the fact that preparation and

spotting of BAC DNA is labor intensive and can be

very expensive [17], and that each clone may

represent more than one gene and it is not possible

to do parallel gene expression and copy number

changes using the same arrays.

A-CGH on cDNA arrays have the distinct

advantage of providing a direct method to detect

individual gene copy number changes in unbalanced

chromosomal rearrangements [13]. The second sig-

nificant advantage is that it allows us to investigate
the direct effects of genomic changes over gene

expression level by using the same microarray for

both ACGH and gene expression analysis [18,19].

However, because of lower signal to noise ratios the

detection of lower copy number changes requires

additional methods such as calculating the running

average of multiple clones along the genome, where

typically 5–10 clones are used. It is also frequently

necessary to discard measurements on a substantial

fraction of clones because they do not provide

adequate signals. Thus, the actual genomic resolution

of the boundaries of single copy changes and the

ability to detect focal single copy changes is

considerably less than implied by the average

genomic spacing between the clones on the array.

More recently, oligonucleotide-based arrays have

been used for DNA copy number analysis [20–22].

The studies clearly showed the ability to detect high-

level amplifications and to determine the boundaries

of high copy number portions of the genome. Single

copy changes could be detected in different resol-

utions depending on the type of oligo-arrays and the

techniques of hybridization. However, like with

cDNA arrays, detection of single copy changes

requires running average with a corresponding

reduction in genomic resolution. Oligo-based micro-

arrays hold the potential of enhanced design flexibility

and full-genome representation of probes capable of

accurately reporting single-copy number changes.
3. Amplicon mapping by cDNA array CGH in NB

Conventional CGH profiling of NBs has identified

many genomic aberrations, although the limited

resolution has precluded a precise localization of

sequences of interest within amplicons. Application of

cDNA A-CGH in NB allows genome-wide identifi-

cation of amplified genes [14,23,24]. In a recent study,

we performed A-CGH for 12 NB cell lines and 32 NB

primary tumor samples using microarrays containing

42,000 cDNA clones (w24,000 UniGenes) [14]. We

found that only two chromosomes (2p and 12q) showed

amplifications and all in the MYCN amplified samples

(Fig. 1A and B). Focusing on 2p (Fig. 1A), we found

six independent non-contiguous amplicons

(10.4–69.4 Mb). For the MYCN amplicon, the largest

contiguous region was 1.7 Mb and bounded by NAG



Fig. 1. Amplifications in MYCN amplified samples. (A) Independent amplicons in chromosome 2p. All amplified genes are listed under each

amplicon in genome order. Map position, genome sequence position (Mb) and samples containing the specific amplicon are listed for each

amplicon. The percentage of the MYCN amplified samples harboring these amplicons are shown in brackets following the gene name for all

clones present in our microarray (gray), the remainder of the clones are predicted genes found in the NCBI database that are mapped between the

boundaries of the amplicon. (B) Amplicon in chromosome 12q in tumor NB21. Figure taken from [14] and used with permission.
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and an EST (clone: 757451), whilst the smallest region

was 27 kb including an EST (clone: 241343), NCYM,

and MYCN. We identified nine previously reported co-

amplified genes (HPCAL1, ODC1, NSE1, NAG, DDX1,

NCYM, POMC, DNMT3A, ALK, MEIS1, TEM8) [23–

31], and detected the novel amplification of several

known genes (NCOA1, ADCY3, PPP1CB, CGI-127,

LBH, CAPN13, GalNac-T10, EHD3, XDH, SRD5A2,

CGI-27, AMP18) and ESTs. Three of the cell lines

(CHP134, IMR-5 and IMR-32) contained two ampli-

cons in 2p13-15. The first (66.6–67.6 Mb) included

previously reported amplified gene MEIS1, and the size

of the second amplicon was 0.3 Mb (69.1–69.4 Mb),

which was bounded by LOC200504 and TEM8.
In addition to chromosome 2p, we identified another

amplicon on 12q14-q15 in a MYCN amplified tumor;

bounded by PRO2268 (68.9 Mb) and RAB3IP

(69.9 Mb) containing one previously reported amplified

gene (MDM2) [32] as well as several novel amplifica-

tions (CPM, CPSF6, LYZ, GAS41, SNT-1, CCT2,

VMD2L3, and RAB3IP) (Fig. 1B).
4. Probabilistic analysis of cDNA A-CGH profile

It has been reported that BAC A-CGH is more

sensitive than cDNA or oligonucleotide A-CGH

in detecting genomic alterations because of the long
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sequence of BAC clones and higher signal to noise

ratios. The majority of the reported applications of

cDNA or oligonucleotide based A-CGH has focused

on amplifications [23,24], where typically more than

10 extra copies of DNA are gained. However, low-

level DNA gains and losses are difficult to detect for

the cDNA or oligonucleotide-based A-CGH due to a

lower signal to noise ratio. To increase the sensi-

tivities for lower level DNA copy number changes, a

‘running average’ smoothing filter has been used as a

noise reduction strategy [18,19]. Using running

average of multiple clones typically 5–10 along the

genome, the actual genomic resolution of the

boundaries of changes and the ability to detect focal

copy number changes is considerably less than

implied by the average genomic spacing between

the clones on the array.

We analyzed both theoretically and experimentally

the performances of the running average smoothing

filter for cDNA A-CGH data and found the noise

reduction performance of running average was much

lower than expected due in large part to systematic

errors in the data [15]. In our theoretical analysis, we

derived an equation, which linked the sensitivity (the

lowest detectable level of copy number changes) with

the size of the window used in the running average

procedure. The analytic calculations demonstrate that

with a window size 10 it is possible to safely detect

gains of three extra copies in diploid cells. Larger

window sizes are necessary in order to detect losses

with sufficient statistical certainty. The application of

the running average algorithm is based on several

assumptions. Some of those assumptions are not met,

more specifically that the noise is randomly dis-

tributed and that the variance is approximately

constant on the whole genome. We thus developed a

novel algorithm, topological statistics (TS), to reduce

this type of errors [15]. The reduction of statistical

noise is performed by combining measurements

within a sliding window into one estimator like

running average. The difference to the running

average is that this estimator is then compared to a

null-distribution representing the unchanged DNA

configuration. The algorithm is based on comparison

of the biological relevant data to data from self–self

hybridizations, which contain no biological infor-

mation but contain systematic errors. The systematic

errors are canceled out by comparing the window
content to observations of this neutral dataset (self–

self hybridizations) assuming that they approximately

carry the same systematic errors. The effectiveness of

TS strongly depends on this assumption; the best

results were obtained when the self–self hybridiz-

ations used in the analysis were generated under

similar conditions using the same print-batch. This

algorithm provides a probabilistic estimate for the

presence of genomic alterations and assigns a P-value

to the center of the sliding window. We used t-test for

the comparison of the two distributions, but the

method is not limited to this statistics. Fig. 2 showed

the heatmap of the raw ratio data, the same data

smoothened with running average (RA) and topolo-

gical statistics (TS) for four neuroblastoma cell lines.

Recently, two other algorithms were reported for the

analysis of CGH data, mainly focusing on an

automatized detection of breakpoints [33,34]. One

reported the good performance of their algorithm for

signal to noise ratio larger than w2.5 [33]. Another

one has no estimate for the effective resolution and

sensitivity of the algorithm [34].
5. Detection of low-level DNA copy number

alterations by cDNA A-CGH in NB

There are several studies using cDNA A-CGH to

detect the amplification in NB [14,23,24], however,

not many have used the technique to identify low-

level genomic alterations in NB. In order to increase

the sensitivity for detecting low copy number

changes, we applied the probabilistic approach

(topological statistics discussed above) utilizing

statistics and the local genomic sequence mapping

information of each of the cDNA clones on our arrays

[14,15]. We validated the method by analyzing the

A-CGH data generated from the cell lines containing

1–5 copies of the X chromosome and were able to

detect a single copy loss and gain of X chromosome,

where the expected ratio was 0.5 and 1.5, respectively.

As an independent validation of our method, albeit at

lower resolution, we performed standard metaphase

CGH (M-CGH) on one NB cell line (GILIN) in

parallel. Our results demonstrated good genome-wide

concordance for losses and gains detected by both

A-CGH and M-CGH (Fig. 3). In addition, we used the

reported results from the literature as an independent



Fig. 2. Comparison of different A-CGH data analysis approaches.

Heatmap of the raw ratio data (Raw), the same data smoothened

with running average (RA) and topological statistics (TS, P-value)

both with window-size 27 for four neuroblastomas. The rightmost

panel (Comb) visualizes the average P-value for gain and loss.

Chromosomal location is displayed on the left with the location of

the centromere marked in red. Figure taken from [15] and used with

permission.(For interpretation of the reference to color in this

legend, the reader is referred to the web version of this article.)
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validation. The cell line SK-N-AS is deleted within

1p36.2-p36.3, which has been investigated by FISH

and southern blot analysis [35,36]. The proximal SK-

N-AS deletion breakpoint was mapped to between

NPPA and PLOD, while the distal breakpoint is

proximal of CDC2L1. The deletion detected by our

method is bordered by KIAA0495 and CTNNBIP1,

which is within the region reported. They are thus in a

very good accordance. In addition, we also compared

the 17q gain results for four NB cell lines (CHP134,

IMR-5, SMS-KCNR, and SK-N-AS) with the results

in literature by FISH and Q-PCR [37]. Our results

confirmed the gains in 17q for all four cell lines and

the loss in 17p in SK-N-AS detected by FISH.

We then analyzed the A-CGH data using this

method to detect genome-wide alterations of DNA

copy number in our NB samples. We identified DNA

copy number alterations that involved the majority of

the chromosomes in both primary tumors and cell

lines (Fig. 4). We confirmed previously reported

genomic changes, including gains of whole chromo-

some 1, 2, 6, 7, 8, 12, 13, 17, 18 and 22, and losses

of 3, 4, 9, 11, and 14; partial gains of 1q, 2p, 11p,

12q and 17q; partial losses of 1p, 3p, 4p, 9p, 11q and

14q [38,39]. The most common changes were losses

on chromosome 1p, 4 and 11q; gains on 2p, 7, and

17q [14].
6. Stage specific genomic alterations and

evolutionary models of NB progression

We also analyzed the genomic alteration data to

explore possible evolutionary models of NB tumor

progression. These genomic alterations can be used to

identify ‘common’ and ‘differential’ regions in the

different tumor groups [14]. The term ‘differential’ in

this context denotes differences between two groups

of tumors with respect to the frequency, with which

specific regions are altered, as well as systematic

differences in the number of DNA copies. In our

analysis, we partitioned the tumors into three

subgroups for three different stages of NB (stage 1,

stage 4 MYCN-not-amplified (4K) and amplified

(4C)) and found the alterations that were common to

all three subgroups, which included gain of 7q32,

17q21, 17q23-24 and loss of 3p21. We also found

genomic imbalances that were specific for each of



Fig. 3. Chromosomal gains and losses in NB cell line GILIN detected by M-CGH and A-CGH. For M-CGH result, gains are shown as red lines

to the right of chromosome and losses as green lines on the left. M-CGH ratio (tumor/reference) is represented as blue curve. Green, black and

red lines represent the ratio of 0.8, 1.0, and 1.2, respectively. A-CGH result is represented as the probability heat-map on the right for each

chromosome (red for gain and green for loss). (For interpretation of the reference to color in this legend, the reader is referred to the web version

of this article.)
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the subgroups and common regions of gain for stage 1

and 4K tumors [14]. The presence of these

characteristic patterns of genomic alterations

suggested that the patterns could be used to derive a

phylogeny of different stages of the disease [28,40,

41]. By combining genomic information with the

stage information we analyzed the possible models of

tumor progression. We found that only 10 topologi-

cally distinct models of tumor progression exist for a

three stage disease based on the three following

principles of genetic evolution (Fig. 5A): (1) all tumor
stages belonging to the same diagnostic group arise

from a common ancestor (i.e. are dealing with a

rooted tree). (2) All changes within a parent genotype

must be present in the daughter occurring with a

similar frequency (the inheritance signature). The

daughter will acquire additional genomic changes. (3)

The unobserved intermediate genotypes are possible

but the model with the smallest number of genotypes

(observedCunobserved) is utilized (Occam’s

Razor [42]). By fitting the models to our observed

genomic alterations [14] in each subgroup without



Fig. 4. Genome-wide analysis of DNA copy number alteration by A-CGH. Samples were grouped based on sample type, MYCN amplification

status and tumor stage. Each column represents a different sample; and each row represents a P-value of a given SWlocus using a sliding

window of 40 adjacent clones, ordered in genome order across the whole genome. Black triangles on the right side of image represent

centromere positions. CellK, cell line without MYCN amplification; CellC, cell line with MYCN amplification; Stage 4K, tumor in stage 4

without MYCN amplification; Stage 4C, tumor in stage 4 with MYCN amplification. On the right is shown an enlarged view of the region around

the MYCN gene (2p24) for the amplified NB samples. Figure taken from [14] and used with permission.(For interpretation of the reference to

color in this legend, the reader is referred to the web version of this article.)

Q.-R. Chen et al. / Cancer Letters 228 (2005) 71–81 77
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Fig. 5. Hypothetical genetic evolution models in neuroblastoma. (A) All possible genetic evolution models given three subgroups or phenotypes

(red, blue and green), cyan and magenta represent intermediate features that are common to two and three groups. Arrow delineates direction of

progression. The Venn diagrams next to the tree models show the expected differential and common genomic changes found in each of the

phenotypes. For instance in model I: the blue phenotype (e.g. Stage 1) progresses to green or red (e.g. Stage 4K or 4C), such that in the Venn

diagram all genomic imbalances present in the ‘blue’ tumors should also be present in the ‘green’ and ‘red’ tumors, whereas the ‘red’ one

includes the extra mutations of the ‘green’ tumors and its own specific mutations. (B) The best fitting hypothetical gene evolution model in

neuroblastoma for our data is model VII. End nodes colored in blue and green and red represent specific mutations present in stage 1, 4K and

4C, respectively. Magenta node represents the common features for all tumors (1, 4K, and 4C), i.e. all mutations in magenta are present in all

different stages of tumors (1, 4K and 4C). Cyan node represents the common features for 1 and 4K, i.e. all mutations in cyan exist in stage 1

and 4K. Besides the common features, stage 1, 4K, and 4C tumors acquire their own specific mutations labeled in blue, green and red,

respectively.(For interpretation of the reference to color in this legend, the reader is referred to the web version of this article.)
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contradictions to the three principles, we found that

only model VII is qualified and can explain our

genetic evolution hypothesis (Fig. 5B). In this tree

model, three end nodes represent three different

subgroups (stage 1, stage 4K, and stage 4C); two

intermediate nodes are introduced to represent the

common genomic features in two or more groups;

arrows represent accumulation of genomic alteration.

Tumorigenesis and progression is thought to be a

multi-step process in which genetic alteration

accumulates sequentially, ultimately producing the

neoplastic phenotype [43]. Unlike the simple linear

progression model, where the stages are ordered

according to the aggressiveness of the disease and the

tumor develops from a localized stage 1 tumor to a

metastatic stage 4K to 4C tumor, our data suggest a

more complicated genetic evolution pattern in NB. It

indicates that NB of stage 1K, stage 4K and stage

4C do not evolve sequentially, stage 4C tumors are

not derived from stage 1 and stage 4K and they

represent different subgroups with different genetic

features, which is also supported by the previous

clinical evidence [44]. Therefore, the data suggests a

hypothetical model, where the final stage of NB is pre-

determined at the time they acquire specific genomic

changes. The first intermediate node, proposed by our

model, may represent the genomic changes found in

the ‘neuroblastic nodules’, which resemble ‘neuro-

blastoma in situ’ that commonly occurs as incidental

findings in infants younger than 3 months who die of

other causes [45]. These neuroblastic nodules would

ordinarily regress during normal development, how-

ever, would undergo malignant transformation if

additional hits occur such as loss of 1p36 and

MYCN amplification which would lead to stage 4C,

or other changes that lead to stages 1 or 4K as

described. Remarkably stage 4C disease appears to

have very few genomic alterations when compared

with stage 1 and 4K implying that MYCN amplifi-

cation is sufficient to drive these tumors to an

aggressive phenotype, and although other genomic

changes occur, including loss of 1p36 as shown by us

and others [46], it does not require extensive changes.

This is in agreement with the murine MYCN

transgenic model of NB where the MYCN transgene

itself is enough for tumor development, but these

tumors develop additional genomic changes charac-

teristic of NB [47].
A different hypothetic model of genetic origin of

neuroblastoma was previously proposed based on the

expression of two genes TRKA and TRKB [48–50],

and suggesting that there are at least three distinct

types of neuroblastoma. Type 1 tumors are charac-

terized by high TRKA expression and seem to have a

fundamental defect in mitotic disjunction. They are

hyperdiploid due to whole chromosome gains and

structural rearrangements are rarely observed.

Patients with type I tumors are usually cured with

surgery alone [49]. On the other hand, tumors that

predominantly express TRKB are characterized by

genomic instability. Structural rearrangements occur

and unbalanced 17q gain occurs in most. Tumors that

also acquire loss of genetic information on the long

arms of chromosomes 11 and/or 14 rarely have 1p loss

or MYCN amplification (type 2). However, tumors

that acquire 1p loss often also acquire MYCN

amplification and a highly malignant clinical behavior

(type 3) and such patients have a poor survival

probability of less than 25% [49].

The finding of stage and prognosis specific

genomic alterations in NB allows for the development

of both of the hypothetical tumor progression models

outlined above. However, larger studies are required

to confirm which of these models are valid or whether

an alternative progression model exists perhaps based

on the combination of these two tumor evolution

models.
7. Conclusion

Array-based CGH is a high-throughput technique

that allows screening of the whole genome in high

resolution. This technique is likely to be used

increasingly to identify the genomic alterations that

are responsible for malignant transformation and

develop tumor progression models in neuroblastoma.
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